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EVEN BEFORE EYE OPENING, INFORMATION encoded in retinal activity is relayed to the visual cortex and plays a critical role in the proper formation of retinotopic maps in the visual cortex (Akerman et al. 2002; Huttenlocher 1967; Kirkby et al. 2013) . Remarkably, this information transfer via the retinogeniculate synapse is maintained, despite rapidly changing properties of the immature connection (Hanganu et al. 2006; Mooney et al. 1996) . Between postnatal day (p) 8 and p30, the average strength of a retinal ganglion cell (RGC) input increases 20-fold, while the number of retinal inputs that innervate a given relay neuron is pruned from many to few (Chen and Regehr 2000; Jaubert-Miazza et al. 2005) . The synaptic mechanisms that allow immature weak retinal inputs to drive relay neuron firing and maintain information transfer are still incompletely understood.
One feature of the immature synapse that has been proposed to aid in the transmission of visual information is the prolonged waveform of the retinogeniculate excitatory postsynaptic current (EPSC) (Chen and Regehr 2000; Hooks and Chen 2006; Liu and Chen 2008; Ramoa and McCormick 1994; Ziburkus and Guido 2006) . The decay time course of both ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) and N-methyl-D-aspartate receptor (NMDAR) EPSCs is slower in the young than the old (Chen and Regehr 2000; Liu and Chen 2008; Ramoa and Prusky 1997) . Although receptor subunit changes contribute to part of the developmental acceleration of the EPSC, they cannot account for all of the observed changes in kinetics. Notably, the AMPAR quantal event does not exhibit similar slow decay kinetics to the evoked response, nor does the miniature EPSC waveform significantly accelerate with age (Liu and Chen 2008) .
These findings suggest that other synaptic mechanisms contribute to the slow time course of the immature EPSC. For example, the slow component could be due to glutamate pooling within the synaptic cleft from impeded diffusion. Alternatively, it could be delayed (asynchronous) release, where the release of additional vesicles persists for up to hundreds of milliseconds following depolarization of the presynaptic terminal (Atluri and Regehr 1998; Barrett and Stevens 1972; Goda and Stevens 1994; Kaeser and Regehr 2014; Rahamimoff and Yaari 1973) . Asynchronous release is driven by presynaptic residual calcium (Ca res ) and prolongs the decay time course of the postsynaptic response, thus enhancing synaptic charge transfer (Cummings et al. 1996; Vanderkloot and Molgo 1993; Zengel and Magleby 1981; Zucker and Lara-Estrella 1983) . Finally, the slow EPSC decay could be due to glutamate spillover between release sites located within the same bouton or in neighboring boutons (Barbour et al. 1994; DiGregorio et al. 2002; Otis et al. 1996; Takahashi et al. 1995; Trussell et al. 1993) . At the immature retinogeniculate synapse, glutamate can spill over to extrasynaptic metabotropic glutamate receptors (mGluRs), but whether glutamate also reaches neighboring release sites is not known (Hauser et al. 2013) .
Here, we distinguish between these different explanations for the prolonged current observed at the immature retinogeniculate synapse. We find that both spillover between synaptic release sites and asynchronous release contribute to the extended glutamate time course. Moreover, we characterize purely spillover-mediated currents from relay neurons, indicating that neighboring RGCs can influence relay neuron firing without making direct contacts onto the cell. This prolonged glutamate transient is essential for the propagation of retinal activity to the developing cortex during a dynamic period of robust synaptic maturation and refinement.
METHODS
Slice preparation. All experimental procedures were performed in accordance with federal guidelines and protocols approved by Boston Children's Hospital. Parasagittal brain slices containing both the optic tract and the dorsal lateral geniculate nucleus (LGN) were obtained as previously described (Chen and Regehr 2000; Liu and Chen 2008) from p8 -34 C57BL/6 mice [C57BL/6J from Jackson Laboratory or C57BL/6NTac (B6) from Taconic]. Briefly, the brain was quickly removed and immersed into an oxygenated 4°C choline-based cutting solution containing the following (in mM): 87 NaCl, 25 NaHCO 3 , 37.5 choline chloride, 25 glucose, 2.5 KCl, 1.25 NaH 2 PO 4 , 7 MgCl 2 , and 0.5 CaCl 2 or 130 choline chloride, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 KCl, 7.0 MgCl 2 , 0.5 CaCl 2 and 25 glucose. Both cutting solutions yielded healthy slices at all ages. The brain tissue was then mounted on the cutting stage of a vibratome (Leica VT1000S) and submerged into oxygenated 4°C cutting solution. Cut 250-m slices were allowed to recover for 15-20 min at 30°C in the oxygenated cutting solution and then for another 10 -20 min at 30°C in oxygenated artificial cerebral spinal fluid (aCSF) containing the following (in mM): 125 NaCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 KCl, 1 MgCl 2 , 2 CaCl 2 and 25 glucose. This aCSF solution was used also for recording.
Electrophysiology. Whole cell voltage-clamp synaptic recordings from geniculate neurons were obtained using glass pipettes (1-2.0 M⍀) filled with an internal solution consisting of the following (in mM): 35 CsF, 100 CsCl, 10 EGTA, 10 HEPES, and the L-type calcium channel antagonist, 0.1 methoxyverapamil (Sigma, St. Louis, MO). This solution was designed to minimize the contributions from postsynaptic intrinsic membrane conductances and second-messenger systems. In experiments examining AMPAR rectification, 100 M spermine were included in the internal solution. EPSCs were evoked with stimulus intensities that ranged from 10 to 150 A. Series resistance was Ͻ10 M⍀ (average 5 M⍀). Cells were excluded if series resistance changed more than 10% during an experiment.
For current clamp experiments, the internal solution contained the following (in mM): 116 KMeSO 4 , 6 KCl, 2 NaCl, 20 HEPES, 0.5 EGTA, 4 MgATP, 0.3 NaGTP, 10 Na phosphocreatine, pH 7.25 with KOH. To elicit successful spikes, the amplitude of first EPSC waveform injected were 300 and 1,500 pA for immature and mature neurons, respectively (Liu and Chen 2008) . The bath saline solution for all electrophysiological experiments contained the GABA A receptor antagonist bicuculline (20 M) or picrotoxin (Sigma, 50 M), and the GABA B receptor antagonist N- [1-(S)-3,4-dichlorophenyl ethyl-] amino-2-(S)-hydroxypropyl-P-benzyl-phosphinic acid (CGP55845, 2 M) and the A1 adenosine receptor antagonist 8-cyclopentyl-1,3-dipropylxanthine (10 M). Five micromoles of 2,3-dihydro-6-nitro-
, and 2S-2-amino-2-(1S,2S-2-carboxycycloprop-1-yl)-3-(xanth-9-yl)propanoic acid (LY341495 50 M) were used to block AMPAR, NMDAR, and mGluRs, respectively. All of the experiments were performed at 35 Ϯ 1°C, unless otherwise indicated.
EGTA-acetoxymethyl ester (AM) experiments were performed as previously described (Atluri and Regehr 1998; Chen and Regehr 1999) . Briefly, EGTA-AM was dissolved in dimethysulfoxide, diluted to a final concentration of 50 M in aCSF, and continuously bath applied to slices for 15 min to allow the chelator to be taken up by all cells in the slice. Excess EGTA-AM was then washed out with aCSF. Measurements of the EPSC or relative change in fluorescence (⌬F/F) waveforms for the EGTA-AM condition were obtained 15 min after bath washout of EGTA-AM.
Calcium measurements. RGCs were labeled with calcium indicator dyes, as previously described (Chen and Regehr 2003) . Briefly, the mouse was placed in an enclosed chamber, and isoflurane was delivered via a vaporizer with proper scavenging of fumes. Two to four percent isoflurane with a mixture of oxygen was used for induction, and 1-3% for maintenance during the procedure. Once properly anesthetized, as tested by foot pad stimulation, a sharp glass electrode (2-to 5-m tip diameter) filled with a solution that consisted of a 1:1 mixture of 20% wt/vol Calcium Green-1 dextran [molecular weight (MW) 3,000] and 20% wt/vol Texas Red dextran (MW 10,000) in 0.1% Triton X-100 was inserted into the retina (Invitrogen, OR). One microliter of the solution was pressure injected into the nasal and temporal regions of the retina (30 psi, 10-to 15-ms duration; Parker Instruments). Five to ten days after injection, the animal was killed for experiments. Examination of the slices under ϫ60 objective (Olympus) revealed that retinogeniculate fibers, but not postsynaptic cells, were labeled.
All fluorescence recordings were performed in the presence of the glutamate receptor antagonists NBQX (5 M) and CPP (20 M), bicuculline and CGP55845 (20 m, 2 m) using a 450 -490 excitation/FT510 dichroic/510WB40 emission and 580DF15 excitation/600 dichroic long pass/610 long pass emission filter sets for Calcium Green-1 and Texan Red signals, respectively. Illumination was provided by a 150-W Xenon lamp (Optiquip) and gated with a transistor logic pulse to an electromechanical shutter (Vincent Associates). Collected light from the labeled slice was digitized, and the ⌬F/F was calculated as described previously (Kreitzer et al. 2000) . Calcium measurements were performed at 25°C.
Stock solutions of pharmacological agents were stored at Ϫ20°C and diluted according to the final concentrations immediately prior to experiments. Constant bath flow during application of drugs was ensured by a perfusion pump (Gilson, MA). Dead space in the perfusion tubing was reduced to 1 ml, allowing rapid bath exchange of pharmacological agents. All pharmacological agents, including L-(ϩ)-2-amino-5-phosphonopentanoic acid (L-AP5, 1 mM), ␥-D-glutamylgycine (␥-DGG, 1-3 mM), and 6-chloro-3,4-dihydro-3-(5-norbornen-2-yl)-2H-1,2,4-benzothiazidiazine-7-sulfonamide-1,1-dioxide (cyclothiazide, CTZ, 50 M), were purchased from Tocris, unless otherwise indicated. EGTA, tetra(AM) (EGTA, AM), calcium green-1 dextran and Texas Red 10,000 MW dextran were obtained from Invitrogen.
Data acquisition and analysis. Current and voltage-clamp recordings were acquired with a Multiclamp 700A amplifier (Axon Instruments, CA) filtered at 1 kHz and digitized at 10 -20 kHz with an ITC-16 interface (Instrutech). Data analysis was performed using Igor software (Wavemetrics), Excel (Microsoft) and Prism (GraphPad Software). EPSCs were analyzed as the average of 5-10 waves. The decay time constant () of both AMPA and NMDA receptor-mediated EPSCs at immature retinogeniculate synapse were best fitted with a double exponential, f(x) ϭ y 0 ϩ A 1 e(Ϫx/ fast ) ϩ A 2 e(Ϫx/ slow ) and was quantified as the weighted ϭ and Chen 2008) .
Studies examining short-term synaptic plasticity involved evoking synaptic responses to pairs of retinal input stimuli. Randomized interstimulus intervals (ISIs) ranging from 10 to 8,000 ms were interleaved with a single conditioning pulse, as previously described (Chen and Regehr 2000) . For each cell recorded, averages of three to five trials were used to measure the paired pulse ratio (EPSC2/EPSC1 ϫ 100) for each ISI. Spike probability was calculated by summing the number of action potentials (APs) that occur over the period following current injection (ϳ10 trials) and dividing the value by number of trials. The criterion for an AP was a depolarizing change in membrane potential Ն 10 V/s. Synaptic charge was calculated by integrating the evoked synaptic current. All data are summarized as means Ϯ SE, using the two-tailed paired t-test, unless otherwise indicated.
RESULTS
Acceleration of the retinogeniculate EPSC waveform over development. Changes in the EPSC waveform over development are evident when comparing the decay kinetics of the AMPAR current of immature (p9 -11, red trace) and mature (p26 -32, black trace) synapses (Fig. 1A, left) . The synaptic currents, evoked by optic nerve stimulation, were recorded in whole cell voltage clamp mode [holding potential (V h ) ϭ Ϫ70 mV] and in the presence of the NMDAR selective antagonist, 20 M (R)-CPP. The immature EPSC waveform exhibited slower decay kinetics compared with the mature synapse, and this difference persisted even in the presence of CTZ (50 M), an inhibitor of AMPAR desensitization (Fig. 1A, right) . The AMPAR decay time course, in control and CTZ conditions, could be approximated by a double-exponential , where the average weighted is two to three times greater for immature synapses compared with the mature synapses (Fig. 1B) . Therefore, developmental changes in the AMPAR EPSC waveform cannot be simply explained by differences in receptor desensitization.
Our results involving CTZ suggested that the immature EPSC is more sensitive to the inhibitor of desensitization (6.37 Ϯ 0.93-fold increase in weighted vs 3.3 Ϯ 0.43-fold) and raised the possibility that the subunit composition of AMPARs may change with age. One means of testing for a change in AMPAR subunit composition is to assess whether the contribution of calcium-permeable AMPAR subunits change with age. In the presence of intracellular polyamines such as spermine, the current-voltage relationship of Ca 2ϩ -permeable AMPARs is known to rectify, whereas that of Ca 2ϩ -impermeable AMPARs is linear (Blaschke et al. 1993; Hollmann et al. 1991) . Therefore, we compared the AMPAR current-voltage relationship of immature to mature synapses using an intracellular recording solution containing 100 M spermine. Figure 1C shows increased AMPAR rectification with age. The rectification index, calculated as the peak EPSC current measured at ϩ60 mV/Ϫ60 mV, was significantly different at p9 -11 compared with p26 -32 (0.74 Ϯ 0.06 vs. 0.34 Ϯ 0.05, P Ͻ 0.01, n ϭ 5, 6, Student t-test). This developmental change in AMPAR composition is opposite that described in hippocampus, but similar to that in another thalamic synapse, the leminscal input onto relay neurons in the somatosensory thalamus (Takeuchi et al. 2012) . However, the increased contribution of calcium-permeable AMPARs at older ages cannot fully explain the observed change in the EPSC waveform over development. Some calcium-permeable AMPAR subunits have been shown to have slower, not faster, decay kinetics (Partin et al. 1996) . Moreover, our previous studies showed no significant difference in the quantal waveform of the immature and mature synapses (Liu and Chen 2008) . Taken together, these data suggest that a change in subunit composition is not responsible for the slow component of the immature AMPAR EPSC.
␥-DGG accelerates the decay of immature AMPAR EPSCs. As postsynaptic mechanisms cannot account for the acceleration of the synaptic waveform, we next asked whether the slow decay of the immature EPSC is influenced by an extended time course of glutamate. For these studies, we took advantage of low-affinity glutamate receptor antagonists (Olverman et al. 1988) . These agents actively compete with glutamate for binding to receptors, and their efficacy of inhibition is dependent on the relative concentration of glutamate. Previous studies have shown that receptors directly across from the site of release experience a peak glutamate concentration much greater than receptors that are located further away from this site (Clements et al. 1992; Diamond 2001; DiGregorio et al. 2002) . We examined the effects of these antagonists on the immature retinogeniculate waveforms. We recorded isolated AMPAR-mediated currents in the presence of 50 M CTZ and NMDAR antagonists to gain an accurate measurement of the glutamate transient. Bath application of the low-affinity AMPAR antagonist, ␥-DGG (3 mM), reduced the peak AMPAR EPSC amplitude to 51 Ϯ 2.8% of control (P Ͻ 0.01, n ϭ 4) and significantly accelerated the decay of the current to 48.8 Ϯ 3.6% of control (P Ͻ 0.01, n ϭ 4; weighted control: 21.7 Ϯ 3 ms, ␥-DGG: 10.6 Ϯ 1.8 ms, Fig. 2C ). Notably, ␥-DGG preferentially inhibited the slow component of the EPSC decay (control vs. ␥-DGG: slow ϭ 18.6 Ϯ 3.6 ms vs. 8.4 Ϯ 2 ms, n ϭ 4, P ϭ 0.01; fast ϭ 3.1 Ϯ 1.2 vs. 2.2 Ϯ 0.4 ms, n ϭ 4, P ϭ 0.28). To ensure the acceleration of the current was not due to voltage-clamp errors, we performed parallel experiments with a low concentration of NBQX (200 nM), a high-affinity antagonist that dissociates from the receptor slowly. Unlike ␥-DGG, NBQX inhibition of AMPAR currents is independent of glutamate concentration. NBQX (200 nM) reduced the AMPAR EPSC amplitude to a similar extent as ␥-DGG (48.1 Ϯ 5% of control, n ϭ 5; P Ͼ 0.6 NBQX vs. ␥-DGG), but the two antagonists differed in their effects on the time course of the decay kinetics. In Fig. 2C , the average AMPAR current waveform, normalized to the peak of the EPSC, is shown before and during bath application of ␥-DGG (gray trace) or NBQX (dashed trace). ␥-DGG inhibits a greater fraction of the decaying phase of the EPSC, compared with the peak of the current. In contrast, NBQX did not have a significant effect on the time course of the EPSC (Fig. 2C , weighted ϭ 84.1 Ϯ 9.5% of control, n ϭ 5, P Ͼ 0.2, Fig. 2C ; ␥-DGG vs. NBQX, P Ͻ 0.02). These data suggest that AMPARs that contribute to the tail of the immature EPSC experience a lower peak concentration of glutamate than those receptors open during the peak of the current.
L-AP5 accelerates the decay of the immature retinogeniculate NMDAR EPSC. If the waveform retinogeniculate EPSC does indeed reflect a gradient of peak glutamate concentrations, then we would predict that low-affinity antagonists of NMDARs would also accelerate the decay of the EPSC. To test this hypothesis, we compared the effects of bath application of the low-affinity NMDAR antagonist L-AP5 (1 mM) to that of low concentration of the high-affinity antagonist, R-CPP (1-1.25 M) in a similar approach as our AMPAR experiments. Figure 3 , A and B, shows that, at these concentrations, both antagonists inhibited the peak amplitude of the NMDAR EPSC to comparable levels (L-AP5 to 34.4 Ϯ 2.3% and CPP to 40.9 Ϯ 4.3% of control, n ϭ 7 each, P Ͼ 0.2). However, the antagonists have distinct effects on the decay of the NMDAR current (Fig. 3C ). On average, L-AP5 significantly accelerated the EPSC decay to 65.0 Ϯ 3.3% of control (P Ͻ 0.01, n ϭ 7, Fig. 3C ). R-CPP had a significantly smaller effect on the time course of the EPSC than L-AP5 (CPP decay : 82.1 Ϯ 2% of control, n ϭ 7, P Ͻ 0.001; L-AP5 vs. CPP, P Ͻ 0.01, Fig.  3C ). These data provide further support for the presence of a gradient in peak concentration of glutamate at the immature synapse.
EPSC decay time course is dependent on extracellular calcium. Compared with NMDARs, AMPARs are much less likely to be located extrasynaptically and have a significantly lower affinity for glutamate (Dingledine et al. 1999; Tarusawa et al. 2009 ). Therefore, our low-affinity AMPAR data suggest that glutamate may diffuse between release sites (aka, "spillover") at the immature synapse. If this were true, then the EPSC decay time course could be sensitive to changes in probability of release (P R ) (Mennerick and Zorumski 1995; Trussell et al. 1993 ). To alter P R , we changed the extracellular calcium concentrations (0.5 mM [Ca 2ϩ ] o vs. 2.0 mM [Ca 2ϩ ] o ) and compared the normalized AMPAR EPSC waveform (Fig.  4A ). In the presence of 2.0 mM [Ca 2ϩ ] o /1.0 mM [Mg 2ϩ ] o , the average weighted of the AMPAR EPSC decay was 4.1 Ϯ 0.7 ms. Bath exchange to an external solution containing 0.5 mM [Ca 2ϩ ] o /2.5 mM [Mg 2ϩ ] o reduced the peak EPSC to 25.4 Ϯ 2.6% of that in 2.0 mM [Ca 2ϩ ] o /1.0 mM [Mg 2ϩ ] o (n ϭ 5, P Ͻ 0.001) and significantly accelerated the weighted to 1.7 Ϯ 0.2 ms (n ϭ 5, P Ͻ 0.05, Fig. 4Aiii ). These data provide support for the existence of glutamate spillover at the developing retinogeniculate synapse. Cyclothiazide relieves paired-pulse depression at the immature retinogeniculate synapse. If spillover exists at the immature retinogeniculate synapse, then glutamate released from one site can bind, activate and desensitize receptors at more distant sites. Therefore a population of AMPARs across from a quiescent release site can become desensitized when bound to glutamate released from a neighboring site. AMPAR desensitization that occurs this way would transiently reduce the number of available AMPARs at neighboring quiescent release sites. If glutamate is subsequently released at these neighboring sites within a few miliseconds after the initial release event, the synaptic response will be reduced. At the mature retinogeniculate synapse, postsynaptic AMPAR desensitization is known to contribute to short-term synaptic plasticity because pairedpulse depression (PPD) is relieved in the presence of CTZ. These observations have been used to describe the presence of glutamate spillover between release sites at the mature synapse (Budisantoso et al. 2012; Chen et al. 2002) . We asked whether short-term depression in response to pairs of optic tract stimuli is also relieved by CTZ at the immature synapse. Figure 4B shows superimposed traces of the second EPSCs (EPSC2, thin traces) evoked at different ISIs, compared with the first EPSC (EPSC1, bold trace). Bath application of CTZ slowed the AMPAR EPSC decay and increased the paired pulse ratio (EPSC2/EPSC1, Fig. 4C ). These data are consistent with the findings at the mature synapse and suggest glutamate can diffuse between release sites at the immature retinogeniculate contact (Budisantoso et al. 2012; Chen et al. 2002) . However, our results do not distinguish whether the observed glutamate gradient is intrabouton (within the confines of a single bouton), or interbouton (where glutamate escapes from the bouton to spill over to neighboring quiescent sites located in other boutons). To differentiate between these possibilities, we next examined the glutamate transient of single retinal inputs.
Two populations of single-fiber AMPAR EPSCs. We hypothesized that, if release of glutamate from distant release sites contributes to the slow component of the immature EPSC, then we may be able to detect single retinal fiber synaptic responses that are mediated purely by spillover. These currents should have distinctly slower kinetics than conventional synaptic responses. Therefore, we recorded isolated AMPAR-mediated single-fiber EPSC in the presence of 50 M CTZ. Single-fiber EPSCs were identified as the synaptic response to minimal stimulation (for details see Noutel et al. 2011 ; Fig. 5A ). Figure  5B shows two examples of single-fiber currents recorded from the same relay neuron. Although the EPSCs were evoked with similar stimulation intensities from two nearby sites in the optic nerve, the activation and decay kinetics were very different. Analysis of 63 single-fiber synaptic responses recorded from 50 relay neurons revealed at least two types of EPSCs based on their kinetics. In addition to the familiar fast rise/fast decay single-fiber currents, we observed a previously unrecognized population of slow-rising currents with small amplitudes and slow decay kinetics. While the time course of the EPSC decay was highly variable among the single-fiber responses, there was a strong correlation between the rise time and decay time of the synaptic current (Fig. 5C ). Fast-rising currents could be distinguished from the slow-rising currents by their 10 -90% rise times: a histogram of the rise times shows two distinct peaks, one at 0.67 ms and the other at 5.2 ms (Fig. 5D , n ϭ 63 single-fiber currents, n ϭ 43 mice).
One possible explanation for these slow-rising currents is that they are evoked by inadvertent stimulation of the corticothalamic tract. Relay neurons in the LGN receive excitatory inputs from both retina and cortex, and corticothalamic EPSCs are known to innervate the distal dendrites of relay neurons and to exhibit slower kinetics than retinogeniculate currents (Jurgens et al. 2012; Kielland et al. 2006; Turner and Salt 1998) . However, corticothalamic innervation of the LGN is not complete until after eye-opening in mouse (Seabrook et al. 2013) , making this explanation less likely. Nevertheless, we tested whether the slow single-fiber EPSCs could arise from corticothalamic inputs by taking advantage of the known fact that retinogeniculate and corticothalamic inputs exhibit distinct forms of short-term synaptic plasticity. In response to a pairs of stimulation, retinogeniculate synapses exhibit PPD because of their high P R , while corticothalamic connections display paired-pulse facilitation due to their low P R (Turner and Salt 1998) . We found that, in response to pairs of stimulation, the slow-rising EPSC displayed a similar degree of PPD as the fast-rising single-fiber EPSCs (Fig. 5E ). These results demonstrate that the slow-rising EPSCs are evoked by stimulating retinal fibers. We next asked whether the slow-rising single-fiber EPSCs were mediated by glutamatergic receptors. We found that bath application of the non-NMDA receptor antagonist NBQX (5 M) completely abolished the slow-rising current (data not shown). However, NBQX inhibits both AMPAR and kainate receptors, and the latter are known to give rise to currents with slow kinetics (Bureau et al. 2000) . To distinguish between AMPAR and kainate receptors, we took advantage of a selective AMPAR antagonist, GYKI 52466 [IC 50 ϳ10 -20 M for AMPA and ϳ450 M for kainate receptors; (Tarnawa et al. 1989) ]. Figure 5F illustrates the effects of bath application of 50 M GYKI 52466 on the peak of the slow-rising EPSC. On average, the AMPAR antagonist inhibited the slowrising current to 18.0 Ϯ 1.0% of control (n ϭ 3, P Ͻ 0.01, Fig. 5Fiii) . Therefore, the slow-rising retinogeniculate EPSCs result from activation of AMPARs and not other glutamatergic receptors.
The effects of ␥-DGG on slow-and fast-rising AMPAR EPSCs. If the slow-rising AMPAR EPSCs represent a population of receptors activated by glutamate spillover from distant release sites, we would predict that the receptors would experience a lower peak concentration of glutamate than that of fast-rising EPSCs. Therefore, we compared the effects of 2 mM ␥-DGG on the peak amplitude of the two types of single-fiber AMPAR EPSCs. Figure 6 , A and B, shows representative examples of ␥-DGG inhibition of a fast-and slowrising EPSC, respectively. A plot of the degree of blockade by the low-affinity antagonist as a function of all single-fiber EPSC rise times showed that synaptic currents with slower rise times were more sensitive to inhibition by ␥-DGG than those with faster rise times (Fig. 6C) . We sorted the EPSCs into two groups based on their 10 -90% rise times (fast Ͻ1.0 ms, slow Ͼ1.0 ms) and compared the average block by ␥-DGG. The low-affinity antagonist blocked a significantly greater percentage of the peak amplitude of the slow-rising currents than of the fast-rising currents (76.2 Ϯ 4.2% vs 35.7 Ϯ 2.7% of baseline; n ϭ 6 for each group, P ϽϽ 0.0001, Fig. 6C) . Therefore, the slow-rising EPSCs experience a lower peak concentration of glutamate than fast-rising EPSCs, consistent with glutamate diffusing a significant distance after its release. These results suggest the presence of interbouton spillover at the immature developing retinogeniculate synapse.
The amplitude of slow-rising AMPAR EPSCs is potentiated by inhibition of glutamate transporters. To further strengthen the argument that the slow-rising EPSC represents a spillovermediated current, we asked whether it was sensitive to glutamate transporter activity. We reasoned that the degree of interbouton glutamate spillover would increase with the inhibition of glutamate uptake. Figure 6E illustrates the effects of bath application of 10 M DL-threo-␤-benzyloxyaspartic acid (TBOA) on the slow-rising single-fiber EPSC (Fig. 6, E and F) . The peak amplitude of the current increased to 226.0 Ϯ 32.2% of control (average peak amplitude control: 76.3 Ϯ 15.1 pA to 160.2 Ϯ 27.7 pA in TBOA, n ϭ 8, P ϭ 0.01). These changes led in an increase in the normalized charge transfer of the EPSC to 214.1 Ϯ 17.9% of control (n ϭ 6, P Ͻ 0.01, Fig. 6G ). Therefore, glutamate transporters can regulate the amplitude and time course of the slow-rising EPSCs, consistent with a current driven by a prolonged glutamate transient.
Inhibiting glutamate uptake does not influence the peak amplitude of fast AMPAR EPSCs.
Previous studies have shown that purely spillover-mediated AMPAR currents display a robust increase in peak amplitude in the presence of TBOA, whereas direct synaptic contacts do not (Szapiro and Barbour 2007) . We asked whether this was also true at the retinogeniculate synapse. We found that the amplitude of fast-rising AM-PAR EPSCs evoked by stimulating multiple retinogeniculate fibers did not change with bath application of 10 M TBOA (peak amplitude: 696.1 Ϯ 154.8 pA to 658.2 Ϯ 140.3 pA in TBOA, n ϭ 6 P Ͼ 0.3; Fig. 7, A-C) . Similar to our previous finding, the decay of the EPSC was prolonged (Hauser et al. 2013 ; Fig. 7, A and D) .
The absence of an effect of TBOA on the peak AMPAR EPSC could potentially be influenced by receptor saturation. To control for this possibility, we repeated experiments in the presence of the low-affinity antagonist ␥-DGG (1 mM). Even in the presence of ␥-DGG, the peak amplitudes of the evoked AMPAR EPSCs were unaltered with bath application of . ii: Summary graph of average PPR of fast rise (Ͻ1 ms, n ϭ 5) and slow rise (Ͼ1 ms, n ϭ 5) EPSCs. F: average traces (i) and time course of the peak amplitude (ii) of slow-rising EPSC before and during bath application of an AMPAR-specific antagonist 50 M GYKI52466. iii: Summary plot of the effects of GYKI52466 on the peak amplitude of slow-rising EPSCs (n ϭ 3). **P Ͻ 0.01. Bath temperature: 35 Ϯ 1°C. ns, Nonsignificant. TBOA (1090.2 pA to 1083.3 pA in TBOA, n ϭ 3, P ϭ 0.9; Fig. 7, D-F) . Therefore, the decay, but not the peak, of the AMPAR EPSC is influenced by glutamate released from a distant source. These results further support the presence of direct and indirect glutamatergic signaling between RGCs and relay neurons in the developing retinogeniculate synapse.
The effects of EGTA-AM on EPSC waveform over age. Our results strongly suggest that glutamate spillover between boutons contributes to the slow decay of the evoked retinogeniculate EPSC. This would be consistent with our previous findings that retinogeniculate quantal events did not exhibit the slow decay kinetics seen in the EPSCs evoked by suprathreshold stimulation. Previously, we proposed that delayed release of glutamate could contribute to the observed differences in the decay of the quantal and evoked EPSC waveform at the immature synapse (Liu and Chen 2008) . In light of our current findings that glutamate spillover contributes to the slow component of the AMPAR EPSC, we asked whether delayed release and spillover coexist at the immature retinogeniculate synapse.
To test for the presence of delayed release, we used a calcium chelator with a slow binding rate, EGTA. Because of the slow binding rate, EGTA has little effect on the high calcium concentration transient near open calcium channels (local calcium). However, at later time points, after the channels have closed, this high-affinity chelator is effective in binding to calcium as it equilibrates within the presynaptic bouton and decays to lower concentrations; this calcium signal is referred to as Ca res . Previous studies at other central nervous system (CNS) synapses have demonstrated that introduction of relatively low concentrations of EGTA into presynaptic terminals affects Ca res much more than the local calcium (Borst and Sakmann 1996) . Thus EGTA has been used as a tool to preferentially reduce delayed release over synchronous release (Atluri and Regehr 1998; Cummings et al. 1996; Delaney et al. 1989; Feller et al. 1996; Ravin et al. 1997; Vanderkloot and Molgo 1993) .
We introduced EGTA into RGC terminals by bath, applying the membrane-permeable form of EGTA, EGTA-AM (50 M), to LGN brain slices (see METHODS). For voltage-clamp recordings, we used an internal solution that contained 10 mM EGTA; therefore, any effect of EGTA-AM on the EPSC decay time course could be attributed to alterations in presynaptic calcium. Figure 8A shows representative traces of EPSCs recorded at Ϫ70 mV in the absence (black trace) and 15 min following bath application (red trace) of 50 M EGTA-AM for young (left) and old (right) synapses. EGTA-AM reduced the peak amplitude of the immature EPSC to 85.1 Ϯ 3% of control (P Ͻ 0.01, n ϭ 8, Fig. 8A, left) . Normalization of the currents to the peak EPSC amplitude before and after exposure to EGTA-AM showed an acceleration of the decay time course of the immature EPSC. The weighted of the EPSC decay decreased to 65.1 Ϯ 5.9% of control in the presence of EGTA-AM (P Ͻ 0.05, n ϭ 8, Fig. 8, B and C) . Notably, the portion of the immature EPSC most sensitive to the EGTA-AM was the slow component of the EPSC decay time course (Fig.  8D, red bars, P Ͻ 0.05, n ϭ 8, paired t-test) . In contrast to the immature synapse, EGTA-AM did not significantly alter the peak EPSC amplitude or the decay time course (P Ͼ 0.7, n ϭ 5-6). These results are consistent with a greater contribution of delayed release to the immature compared with the mature EPSC.
The immature presynaptic calcium transient is sensitive to EGTA. As delayed release is driven by presynaptic Ca res , we next examined the effect of EGTA-AM on presynaptic Ca res transient (Cummings et al. 1996; Vanderkloot and Molgo 1993; Zengel and Magleby 1981; Zucker and Lara-Estrella 1983) . We introduced calcium green-1 dextran into RGC in vivo, as previously described (Chen and Regehr 2003) . A mixture of calcium green-1 dextran (K d ϭ 540 nM) and Texas red dextran was introduced into the eyes of anaesthetized mice. Mice were allowed to recover as the dye was taken up by retinal cells. Only axons of RGCs project to the LGN; thus fluorometric calcium measurements obtained from acute LGN slices cut 3-7 days after eye injections represent presynaptic calcium signals from the retinogeniculate synapse. All experiments were performed with inhibitors of GABA A and GABA B (bicuculline, CGP55845A) and glutamatergic receptors [(R)-CPP and NBQX] to eliminate both inhibitory and excitatory synaptic transmission. Figure 9 , A and B (right) shows the calcium green-1 ⌬F/F transient evoked by optic tract stimulation (black trace) and after (gray trace) bath application of EGTA-AM for a p11 and p19 mouse. Under control conditions, the decay time course of ⌬F/F at the immature synapse is significantly slower compared with that at a more mature synapse (p9 -11: 349.6 Ϯ 70 ms vs. p18 -23: 111.7 Ϯ 24 ms, P Ͻ 0.05, n ϭ 4 and 5, respectively). At the immature synapse, EGTA-AM reduced the peak of the ⌬F/F to 60.6 Ϯ 6% of control, while the time course of the calcium transient accelerated from 349.6 Ϯ 70 to 24.4 Ϯ 5 ms (to 9.2 Ϯ 4% of baseline) (P Ͻ 0.05, n ϭ 4). In contrast, EGTA-AM did not significantly alter the peak of the ⌬F/F signal in older synapses (101.7 Ϯ 6% of baseline; Fig. 9C ). Although the calcium chelator accelerated the decay time course of the ⌬F/F transient at all ages tested, the effects were much less pronounced at older ages (in mature synapses accelerated decay from 93.6 Ϯ 20 ms to 38.8 Ϯ 5.7 ms; n ϭ 4, P Ͻ 0.05, 43.3 Ϯ 3.5% of baseline).
The slower time course of the presynaptic calcium transient at the immature synapse could be explained by less dye uptake in young vs. in old RGCs, leading to saturation of the calcium fluorophore. If this were true, one would predict that the response of the presynaptic fluorescence transient to pairs of stimuli separated by short interpulse intervals would be different over development. With saturation, fewer fluorophores are available to bind to calcium after the first stimulus, leading to a reduced second response. To test this possibility, we compared the ⌬F/F signal in response to a pair of optic tract stimuli (ISI ϭ 50 ms) at two different age ranges. We found no significant difference in the paired pulse response of peak ⌬F/F signals over development (Fig. 9D) . Therefore, differences in the time course of the presynaptic calcium transient cannot be attributed to a change in the saturation of the fluorophore. These data suggest that a prolonged presynaptic Ca 2ϩ transient could be responsible, in part, for the slow EPSC decay at the immature synapse.
EGTA-AM decreases charge transfer in train of optic tract stimulation. Since EGTA-AM inhibits the peak of the calcium transient at the immature synapse, it will likely affect both synchronous and delayed release (Borst and Sakmann 1996) . As glutamate spillover is known to decrease with a reduction in P R , EGTA-AM cannot be used to distinguish between delayed release and glutamate spillover. However, our results show that EGTA-AM can accelerate the decay time course of the imma- ture EPSC. Thus it is a useful tool for assessing the physiological contributions of the slow component of the EPSC waveform in the developing synapse. Visual information is encoded in trains of RGC APs (Demas et al. 2003; Kerschensteiner and Wong 2008; Torborg and Feller 2005) . We next asked how bath application of EGTA-AM influences the synaptic response to trains of optic nerve stimuli at different frequencies (Fig. 10) . The synaptic current evoked by trains of optic tract stimuli were compared before and after bath application of 50 M EGTA-AM. To compare the charge transfer contributed by the slow component of the EPSC waveform, the synaptic response in each condition was normalized to the first EPSC of each train, and total charge was calculated. We found that the relative charge transfer was significantly reduced by a 15-min EGTA-AM bath application for the immature synapse (Fig. 10, A and B , P Ͻ 0.01, n ϭ 8 -10) across all three frequencies tested. In contrast, at the mature synapse, EGTA-AM had a much smaller effect, albeit significant, on relative charge transfer at 100 and 1 Hz (P Ͻ 0.05, n ϭ 7) and no effect at 10 Hz (P Ͼ 0.2, n ϭ 7, Fig.  10, C and D) . Therefore, the contribution of the slow component of the synaptic waveform to the total synaptic charge traces from A, normalized to the peak. C: summary of average weighted , before and after bath application of EGTA-AM (for immature: 23.9 Ϯ 4.1 ms to 14.4 Ϯ 1.9 ms; n ϭ 8, P Ͻ 0.09; for mature: 4.6 Ϯ 0.6 ms to 3.7 Ϯ 0.4 ms; P Ͼ 0.09, n ϭ 6, paired t-test). EPSC decay was fit to a double-exponential relationship: y 0 ϩ A 1 e(Ϫx/ fast ) ϩ A 2 e(Ϫx/ slow ), and weighted ϭ
. D: the relative contribution of slow to the weighted , [%A 2 /(A 1 ϩ A 2 )], is summarized before (black) and after bath application of EGTA-AM (red). Immature: control, 27.2 Ϯ 4.4% to EGTA-AM, 16.9 Ϯ 2.2%; mature: 7.8 Ϯ 1.6% to 7.6 Ϯ 2.3% of total . *P Ͻ 0.05. transfer in response to trains of stimuli is much greater at immature compared with mature retinogeniculate synapses.
Prolonged synaptic currents contribute to relay neuron firing. To investigate how the slow decay component of the immature EPSC contributes to the relay of information at the retinogeniculate synapse, we examined how relay neuron spiking changed when the slow component of the current was reduced. The internal solution used for current clamp recordings contains a low concentration of EGTA, unlike that for recording in voltage clamp mode. Because EGTA-AM would be taken up in both the pre-and postsynaptic neurons, we could not simply bath apply the calcium chelator while recording relay neuron spikes. An alternative approach to examining the relationship between the slow component of the EPSC and postsynaptic firing is to compare the spike response to the injection of different synaptic current waveforms. For immature and mature mice, representative synaptic responses at different stimulation frequencies obtained from our voltage clamp experiments before and after 50 M EGTA-AM application (Fig. 10) were converted into waveforms (Fig. 11, A and B, top) and injected into the soma of relay neurons. Waveforms were scaled such that the amplitude of the first EPSC could reliably drive AP firing (300 and 1,500 pA for immature and mature neurons, respectively) at a holding potential of Ϫ55 mV in control conditions. Figure 11 , A and B, shows the relay neuron firing response to the injection of current waveforms representing control conditions (left) and after (right) EGTA-AM application for immature and mature synapses. Relay neuron spike probability was analyzed at two holding potentials: one at Ϫ70 mV (middle) and one at Ϫ55 mV (bottom). These two holding potentials were chosen to mimic the burst and tonic firing of thalamic relay neurons, respectively. Previous studies have shown that immature relay neurons rest at a more depolarized potential than those of mature neurons, consistent with immature neurons firing predominantly in the tonic mode (MacLeod et al. 1997; Pirchio et al. 1997; Ramoa and McCormick 1994) . Spike probability of the immature relay neuron was dramatically reduced in response to the EGTA-AM waveforms, mimicking the currents evoked by 10-and 100-Hz optic tract stimulation. In contrast, the difference between relay neuron spike probability in response to control and EGTA-AM waveform injections was much smaller at the mature synapse. In the burst mode of firing, the EGTA-AM waveform did not decrease spike probability of mature relay neurons. In fact, there was a significant increase of firing at 100 Hz with EGTA-AM (Fig. 11Cii) , suggesting that prolonged synaptic currents in mature relay neurons could depolarize the membrane enough to result in inactivation of Na channels and, in turn, reduced AP firing. These data are consistent with a major role for the prolonged component of the EPSC decay in driving relay neuron firing at the immature retinogeniculate synapse.
DISCUSSION
Here we provide evidence that the additional current generated by glutamate spillover and by asynchronous release increases the probability of immature relay neuron firing. The prolonged synaptic current improves the efficiency of RGC transmission to the developing cortex during a period when individual synaptic inputs are weak. By examining single-fiber synaptic responses from immature RGC inputs, we uncovered a novel, purely spillover-mediated current. Our results suggest that a much larger number of RGCs than those that make direct synaptic contacts influence immature relay neuron spiking: this relay of information is critical for proper wiring of the visual cortex during development.
Asynchronous release. Given the slow decay of the presynaptic calcium transient at the immature synapse, it is difficult to distinguish contributions of asynchronous release vs. spillover to the EPSC waveform. Reducing [Ca 2ϩ ] o will decrease Ca res ( Fig. 4A ; Chen and Regehr 2003) . In addition, EGTA-AM reduced the amplitude of the ⌬F/F signal and significantly decreased the peak of the immature EPSC (Figs. 8 and 9A ). At the Calyx of Held, asynchronous release can be clearly separated from spillover using fluctuation analysis (Neher and Sakaba 2001) . However, this approach requires voltage control over the presynaptic bouton, which has not been established at visual synapses. Asychronous release is often shown as the individual quantal events that can be resolved following the synchronous evoked response ( synapse, we were unable to reliably isolate such events for several reasons: 1) the peak quantal amplitude at young ages is small (7 pA); 2) both retinogeniculate and corticothalamic contacts contribute to a relatively high frequency of spontaneous miniature EPSCs; and 3) spillover leads to extensive AMPAR desensitization that may mask individual single asynchronous events (Chen et al. 2002; Chen and Regehr 2000; Liu and Chen 2008 Isaacson and Walmsley 1995; Lu and Trussell 2000) and has been shown to influence synaptic integration and postsynaptic firing patterns (Crowley et al. 2009; Iremonger and Bains 2007; Rudolph et al. 2011) . We find that the developmental decrease in EPSC time course corresponds to the acceleration of the presynaptic calcium transient. The slow kinetics of the immature transient cannot simply be explained by saturation of the calcium indicator, because ⌬F/F response to pairs of stimuli does not change with age (see Fig. 9 ).
The substantial developmental acceleration of the calcium transient (ϭ ϳ350 ms vs. ϳ100 ms) may be due to changes in the concentration and composition of endogenous calcium buffers and/or calcium reuptake mechanisms (Sabatini and Regehr 1996 ; Vyleta and Jonas 2014). Other factors, such as shortening of the presynaptic AP width, changes in presynaptic ion channel expression levels and kinetics or decrease in AP temporal jitter could also contribute to age-dependent acceleration in the presynaptic calcium transient (Taschenberger and von Gersdorff 2000; Wang et al. 1997 ).
In our experiments, EGTA significantly accelerated the decay and decreased the peak of the EPSC at the immature but not the mature retinogeniculate synapse. At other CNS synapses, where the exact concentration of calcium buffer can be controlled, reduction of the peak EPSC amplitude by presynaptic EGTA suggests loose coupling between calcium channels and release machinery (Eggermann et al. 2012; Fedchyshyn and Wang 2005; Vyleta and Jonas 2014; Yang et al. 2010) . A caveat of using membrane-permeable EGTA-AM is that the exact intracellular concentration of the calcium chelator is unknown; thus we cannot assess how components of the release machinery change with age. Despite these limitations, we used EGTA-AM to selectively reduce the prolonged component of the EPSC waveform and investigate its contribution to synaptic transmission.
Glutamate spillover at the immature synapse. We show that excitatory currents at the developing retinogeniculate synapse are by both direct and spillover-mediated inputs from RGC axons. We provide multiple lines of evidence involving lowaffinity antagonists for NMDARs and AMPARs, AMPAR desensitization, manipulations of P R , and characterization of slow-and fast-rising single-fiber currents. Taken together, our data strongly suggest that the prolonged decay of the immature EPSC is influenced by spillover of glutamate.
Few central excitatory synapses display such extensive spillover at near physiological temperature and with glutamate transporter activity intact. One example is the mossy fiber to granule cell (GC) synapse in the cerebellar cortex (DiGregorio et al. 2002) . Like the retinogeniculate synapse, individual slow-rising spillover-mediated AMPAR currents have also been recorded from mature GCs (DiGregorio et al. 2002; Nielsen et al. 2004 ). However, the morphology of the two synapses is very different. At the cerebellar synapse, the absence of intervening glia promotes glutamate spillover to non-postsynaptic neurons within a glomerular glial sheath (DiGregorio et al. 2002) . In contrast, glomeruli do not encompass retinogeniculate contacts in the immature LGN (Aggelopoulos et al. 1989; Bickford et al. 2010 ). The two synapses also respond differently to glutamate transporter inhibition. TBOA did not change the peak amplitude of AMPAR currents at the mossy fiber-GC synapse, whereas our results show that TBOA potentiated the peak of the slow-rising current at the immature retinogeniculate synapse (DiGregorio et al. 2002; Fig. 5 ). This result suggests that, despite the presence of glutamate transporters, there is substantial interaction between retinogeniculate release sites. TBOA's effects on the slow-rising retinogeniculate single-fiber currents are more similar to those of the purely spillover-mediated connection between climbing fibers and molecular layer interneurons of the cerebellum (Coddington et al. 2013; Szapiro and Barbour 2007) . Consistent with the studies in the cerebellum, our results suggest that anatomy alone underestimates the influence of presynaptic neurons on postsynaptic firing.
Functional role of a prolonged glutamate transient and synaptic currents. Significant glutamate spillover at the immature synapse is unexpected; the classic view of activity-dependent refinement at the retinogeniculate synapse assumes synapse specificity (Butts et al. 2007; Mooney et al. 1993) . It is generally assumed that cross talk between synapses would degrade information signaling in the CNS (Barbour 2001) . This may be the case at synapses in the auditory system, where information is coded in the precise timing of high-frequency transmission (Oertel 1997) . However, in the visual system, relay of information relies heavily on temporal summation of synaptic currents (Sincich et al. 2007 (Sincich et al. , 2009 . Evidence from other central synapses has shown that the consequences of glutamate spillover can be desirable: spillover can increase reliability of synaptic signals, synchronize neural output and influence processing of local circuits (Arnth-Jensen et al. 2002; Coddington et al. 2013; Crowley et al. 2009; DiGregorio et al. 2002; Isaacson 1999) . Therefore, glutamate spillover at the retinogeniculate connection could ensure reliable transmission of retinal activity to the visual cortex.
There are many potential ways that prolonged synaptic currents could influence activity-dependent synaptic strengthening and weakening. Previously, we demonstrated the presence of high-affinity group II/III mGluRs that, when activated, reduce the probability of glutamate release (Hauser et al. 2013) . Our studies show that the spillover-mediated component of the EPSC is sensitive to P R . Therefore, heterosynaptic glutamate spillover and/or differential expression of mGluRs on RGC axon terminals could play a major role in activitydependent refinement. Notably, the mGluR-mediated response downregulates with age (Hauser et al. 2013) .
Alternatively, early in the development of a synaptic circuit, specificity may be less important than establishing connections onto a postsynaptic cell. In this case, spillover could aid in coordinating postsynaptic firing driven by neighboring RGCs. It is feasible that, before competition occurs between RGCs innervating the same relay neuron, all synapses strengthen to a level at which each RGC is strong enough to drive relay neuron spiking. The idea that neighboring synapses strengthen and weaken together has been proposed before in other developmental systems. Studies in the hippocampus, as well as the retinotectal synapse in Xenopus, have demonstrated that heterosynaptic plasticity exists (Engert and Bonhoeffer 1999; Harvey and Svoboda 2007; Tao et al. 2001) . At the retinogeniculate synapse, neighboring release sites are more likely to be from the same RGC or from a neighboring RGC (Wong 1999) . A prolonged glutamate transient may help establish and stabilize the initial retinotopy in the developing visual system.
